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Edited by Lukas HuberAbstract Twenty-seven kilodalton c-zein is a subclass of the
maize zein storage proteins and, due to its localization at the pro-
tein body periphery, is critical to digestibility characteristics of
all zeins. This protein had low in vitro digestibility, presumably
due to its high Cys content (7.35 mol%) that is similar to the
hard-to-digest analogous sorghum protein, c-kaﬁrin. Therefore,
each of the conserved disulﬁde-bonded Cys’ was mutated to cre-
ate C144A, C148A, C155A, and C156A maize c-zein mutants.
The C155A showed a remarkable increase in digestibility to pro-
teases – pepsin, chymotrypsin, and trypsin. A high conservation
of this Cys among cereal c-prolamins indicates the utility of this
ﬁnding.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Zein, a prolamin, is the name of the storage proteins in
maize endosperm. c-Zein, a subclass of zein, is localized at
the periphery of the protein body where it may have more of
a structural than storage role, comprising about 5–10% of total
zein and containing an unusually high amount of Cys
(7.35 mol%) [1,2]. It has been reported that sorghum and maize
storage proteins are relatively more stable to proteases than
other prolamins, possibly due to extensive disulﬁde linkages
[3]. A study in sorghum indicated that c-kaﬁrin, analogous
to c-zein, was fairly resistant to proteolysis, thus protecting
the centrally located protease-susceptible a-kaﬁrin [4]. There-
fore, we consider c-zein to be mainly responsible for the rela-
tively low digestibility of maize storage proteins, because it is
located at the periphery of the protein body and encapsulates
the major and more digestible a-zein.
Studies done so far indicate a strong negative relationship
between digestibility and disulﬁde linkages in proteins [3–5].
Hamaker et al. reported in vitro digestibility of sorghum and
maize proteins could be elevated by reduction of resident disul-
ﬁde bonds using a-mercaptoethanol [3], and that reduction
improved the digestibility of c-kaﬁrin [4]. Moreover, heat
treatment provides a favorable environment for formation
and interchange of disulﬁde linkages and results in reduced
protein digestibility [4,6].*Corresponding author.
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doi:10.1016/j.febslet.2006.09.033Poor protein digestibility has nutritional implications where
high digestibility is needed for populations with marginal pro-
tein intake, as well as for animal feed. It is also considered to
be one of the factors in predicting potential allergenicity, be-
cause epitopes are retained further into the digestive tract [7].
Thus, knowledge relating protein structure to digestion proper-
ties is of value in reducing potential allergenicity of proteins, and
is of particular interest in genetically modiﬁed (GM) foods. Na-
tional and international agencies, such as theUSFood andDrug
Administration (FDA), Food and Agriculture Organization
(FAO), and World Health Organization (WHO) recommend
the use of a decision tree approach to assess safety of proteins
produced from GM plants, based on pepsin digestibility [8,9].
Recent investigations provided us with good Cys residue
candidates for mutagenesis, through which respective disulﬁde
bonds can be eliminated to prevent disulﬁde-bonded structures
from protecting enzyme-susceptible regions [10,11]. The strat-
egy of elimination of a disulﬁde bond to increase a protein’s
digestibility could result, through a GM path for the crop, in
a highly digestible grain and would be a good alternative route
to post-harvest processing such as use of reducing agents.
Also, fundamental knowledge on protein structure–digestibil-
ity relationships can be applied, in general, to the digestibility
link to protein allergens [12,13]. In this study, c-zein Cys resi-
dues that form internal disulﬁde linkages were tested for their
relative contribution to the protein’s overall digestibility.2. Materials and methods
2.1. Extraction of maize ﬂour
Total maize proteins were extracted according to Wallace et al.’s
protocol [14]. Maize ﬂour (100 mg) was extracted with 1 ml of solution
containing 0.0125 M sodium borate (pH 10), 1% SDS, and 2% (v/v)
2-mercaptoethanol with rotation at room temperature, followed by
centrifugation for 20 min at 13,000 rpm.
2.2. Bacterial strains and plasmids
Escherichia coli DH5a (Invitrogen, Germany) was used for DNA
manipulation and transformation following manufacturer’s protocol
and Rosetta-gamiTM 2(DE3) (Novagen, CA) was transformed to ex-
press target proteins. p11ZGZN20, created by ligation of the 866 base
pair BamHI/HindIII 27 kDa c-zein cDNA with pGEM-11Zf(+) (Pro-
mega, WI) (provided by Dr. Brian Larkins, University of Arizona and
Dr. Bryan Hainline, Indiana University School of Medicine), was used
for site-directed mutagenesis and proteins were expressed using pET-
24a(+) (Novagen), chosen for minimal aﬀect of fused tags on recombi-
nant protein structure.
2.3. Site-directed mutagenesis and protein expression
Site-directed mutagenesis was performed using the QuickChangeTM
site-directedmutagenesis kit (Stratagene, CA) followingmanufacturer’sation of European Biochemical Societies.
Fig. 1. SDS–PAGE of time course digestion showing the susceptibility
of native maize zeins to pepsin. Proteins were extracted from the whole
maize kernel. a-Zein was digested over time while c-zein relatively
unchanged. MW’s (top to bottom): 200, 116, 97.4, 66, 45, 31, 21.5,
14.4, and 6.5 kDa.
5804 S.-H. Lee, B.R. Hamaker / FEBS Letters 580 (2006) 5803–5806protocol with two complementary oligonucleotide primers (forward (F)
and reverse (R)) containing the desired mutation, Ala (GCT), under-
lined.
C144A
F 5
0
-GGCGACGCCCTACGCTTCGCCTCAGTGCC-3
0
R 5
0
-GGCACTGAGGCGAAGCGTAGGGCGTCGCC-3
0
C148A
F 5
0
-CTGCTCGCCTCAGGCTCAGTCGTTGCGGC -3
0
R 5
0
-GCCGCAACGACTGAGCCTGAGGCGAGCAG-3
0
C155A
F 5
0
-TGCGGCAGCAGGCTTGCCAGCAGCTC-3
0
R 5
0
-GAGCTGCTGGCAAGCCTGCTGCCGCA-3
0
C156A
F 5
0
-CGGCAGCAGTGTGCTCAGCAGCTCAGGC-3
0
R 5
0
-GCCTGAGCTGCTGAGCACACTGCTGCCG-3
0
Obtained mutated plasmids ligated with the expression vector, pET-
24a(+), were transformed into Rosetta-gamiTM 2(DE3) bacterial cells.
Wild-type (WT) and mutant proteins were expressed through the
induction of pET expression constructs with 1 mM isopropyl-1-thio-
b-D-galactopyranoside for 3 h at 37 C in LB medium and then bacte-
rial pellets were collected by centrifugation. Cells were dispersed and
lysed in lysis buﬀer (20 mM Tris–HCl, pH 8.5) by sonication to obtain
soluble and insoluble protein fractions. The insoluble fraction from
pET-24a(+) was thoroughly resuspended by sonication in the lysis buf-
fer to be used for further experiments. Concentration of obtained pro-
teins was checked using the Bio-Rad Protein Assay (Bio-Rad, CA) and
15 lg per each protein was electrophoresed on a 10–18% SDS–PAGE
gel.Fig. 2. Time course pepsin digestion proﬁles of recombinant wild-type
and mutant proteins. The arrow indicates the expressed proteins at
29 kDa. C155A was the most susceptible to pepsin followed by C156A.2.4. Protein digestibility and IgG immunoblotting
For pepsin digestion, 60 lg of proteins were added to the reaction
buﬀer (100 mM HCl, pH 1.5) in a microcentrifuge tube to have
100 ll of total volume containing 0.03 mg/ml pepsin (Sigma P-7000)
and incubated for 5, 20, and 80 min at 37C. The same amount of reac-
tion buﬀer was used for the initial control (0 min) instead of pepsin
solution. Digestion was stopped by adding 10 ll of 2 N NaOH. a-Chy-
motrypsin (Sigma C-4129) and trypsin (Sigma T-2395, Type III-S)
were used for digestions at a concentration of 0.3 mg/ml, respectively.
Enzyme reaction was carried out based on the same method as the pep-
sin digestion except the reaction buﬀer was 50 mM Tris–HCl, 10 mM
CaCl2, pH 8.1. To stop the reaction, the same volume of SDS–PAGE
sample buﬀer was added immediately at the time of sampling.
IgG immunoblotting was carried out based on the protocol of Lee
et al. [15] with anti-27 kDa c-zein rabbit polyclonal IgG antiserum
(diluted 1:105) (kindly provided by Dr. Brian Larkins, University of
Arizona).3. Results and discussion
Recombinant proteins were expressed at a very low level
which necessitated immunoblotting for detection. Validation
of the system was supported in our view by the fact that the
typical slow digestion rate of the native 27 kDa c-zein
(Fig. 1) was found in the WT recombinant c-zein protein
(Fig. 2, WT time course digestion). c-Zein is natively an insol-
uble protein in the maize seed endosperm and was likewise
tested in its recombinant insoluble state. The very slow
in vitro digestion of the expressed recombinant WT 27 kDa
c-zein suggests its correct folding.
Susceptibility of WT and mutant recombinant c-zein pro-
teins to pepsin was C155A > C156A > C144A  C148A WT
(Fig. 2). The C155A mutant was digested remarkably faster
than the WT protein with complete digestion in 20 min and
substantial digestion even at 5 min. The C156A mutant was
also more susceptible to proteolysis, but was not completely
digested until 80 min. The C144A and C148A mutants werelargely undigested at 80 min. Therefore, it may be surmised
that cleavage sites for pepsin are more available in the
C155A and C156A mutant proteins due to removal of disulﬁde
bonds, while protected in the WT protein.
Chymotrypsin again showed the importance of the disulﬁde
linkage involving Cys155 in the hard-to-digest property of
c-zein. However, in the case of chymotrypsin, other mutants
fared somewhat diﬀerent that to pepsin in their digestion
patterns; ranking of susceptibility was C155A > C148A 
C144A > C156A WT (Fig. 3). The C155A mutant recombi-
nant protein was essentially digested by 80 min without any
digested peptide fragment detected, while the C156A mutation
did not eﬀectively improve digestibility. On the other hand, the
C144A and C148A mutations somewhat improved digestibil-
ity, although the digested peptide was still detected.
Chymotrypsin prefers cleavage at the Phe (F), Tyr (Y), and
Trp (W) residues which, although are found in very low per-
centages in c-zein, are mostly located in regions A and B of
the C-terminal domain (Fig. 4). The disulﬁde map of the C-ter-
minal domain (the N-terminal domain contains no intramole-
cular disulﬁde bonds) shows two disulﬁde bonds between
regions A and B (C128–C155 and C136–C148), one between
Fig. 3. Time course chymotrypsin digestion proﬁles of recombinant
wild-type and mutant proteins. The arrow indicates the expressed
proteins at 29 kDa. C155A was the most susceptible to chymotrypsin.
Fig. 4. Alignment of selected amino acid sequences of regions A–C of
the C-terminal domain of 27 kDa c-zein and LMW glutenin [10].
Conserved Cys residues are red colored. Arrows indicate proposed
disulﬁde bonds of both LMW glutenin and 27 kDa c-zein [10,19]. The
NCBI accession numbers of the proteins are P04706 and Y17845,
respectively. (For interpretation of the references in colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 5. Time course trypsin digestion proﬁles of recombinant wild-type
and mutant proteins. The arrow indicates the expressed proteins at
29 kDa. C155A was the most susceptible to trypsin followed by
C148A. Digested fragments are shown at 10, 13.7, and 17.9 kDa.
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and C (C156–C205) (Fig. 4, disulﬁde bonds shown by dotted
lines) [10]. Removal of disulﬁde bonds between regions A
and B was much more eﬀective compared to removal of the
other disulﬁde bonds, with the C128–C155 disulﬁde bond sug-
gested to be most important in protecting against chymotryp-
sin (Fig. 3). Thus, aromatic amino acids located in regions A
and B of the C-terminal domain of c-zein are not well accessed
by chymotrypsin due to the two disulﬁde bonds linking them.
Some chymotrypsin-digested fragments were detected at about
14 kDa (Fig. 3). These products may be due to F131 cleavage
that would be expected to create a 13.7 kDa fragment and
other small peptide products that would electrophorese out
of the gel.Interestingly, trypsin was eﬀective in the digestion of all mu-
tant recombinant proteins and the WT protein was also essen-
tially digested by 80 min (Fig. 5). Even so, the C155A mutant
showed the most dramatic increase in digestibility as evidenced
by its total digestion at just 5 min. Trypsin has speciﬁcity for
arginyl and lysyl residues. Arginine (R) residues are present
in regions A and B of the C-terminal domain as well as in
the N-terminal domain, while lysine is absent in c-zein [10].
Most trypsin-available Arg in WT protein is expected to be
within the N-terminal domain which contains no intramolecu-
lar disulﬁde bonds and is, thus, unprotected. We speculate that
peptide fragments of 10, 13.7, and 17.9 kDa, shown in trypsin-
digested WT and mutant proteins (Fig. 5), would be produced
from speciﬁc Arg residues 133 and 166 found in the sequence
of the C-terminal domain (Fig. 4). Thus, removal of disulﬁde
bonds by mutation caused an increase in digestion rate of
the C-terminal domain.
The role of disulﬁde bonds in protein digestion has been a
focus of other investigations, because of an assumption that
disulﬁde linkages can make a protein structurally resistant to
proteases and potentially allergenic. Known food allergens
such as milk a-lactoglobulin, peanut ara h2, and egg ovomu-
coid were subjected to pepsin digestion following reduction
with thioredoxin or dithiothreitol (DTT) treatments, resulting
in enhanced digestibility and reduced allergenicity due to the
loss of IgE-epitope binding sites with rapid digestion [16–18].
Thus, it is not surprising that internal disulﬁde bonds aﬀect
maize c-zein digestibility given their role in compactness of
native protein structures. Orsi et al. [11] and Ems-McClung
and Hainline [10] reported the importance of the internal disul-
ﬁde bonds in LMW glutenin and 27 kDa c-zein, respectively.
Using a computer modeled three-dimensional structure, Masci
et al. [19] proposed the C-terminal domain of LMW glutenin
to contain three intramolecular disulﬁde bonds, while Ems-
McClung and Hainline proposed 27 kDa c-zein to contain
four disulﬁde bonds (Fig. 4). The common three disulﬁde link-
ages are highly conserved among cereal storage proteins. Orsi
et al. [11] showed that two of the conserved Cys residues cor-
responding to maize 27 kDa c-zein C155 and C156 (Fig. 4)
result in a compact and rigid structure of the overall protein.
Furthermore, Ems-McClung and Hainline suggested that
maize c-zein disulﬁde linkages, C136–C148 and C128–C155,
appear to be more critical for protein stability and proper fold-
ing than the other two pairs in their disulﬁde map [10]. This
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cause diﬀerential eﬀects on digestion rate.
Thus, our ﬁnding of note is that one intramolecular disulﬁde
bond (C128–C155) is the most critical factor of maize c-zein
digestibility as demonstrated by the rapid digestion of the
C155A mutant using pepsin, chymotrypsin, or trypsin.
Because c-zein encapsulates the major zein storage proteins
(particularly a-zein) of endosperm protein bodies, mutagenesis
of this speciﬁc disulﬁde bond has the potential to greatly aﬀect
digestion rate of maize kernel proteins. If extrapolated to food
allergenic proteins, this information provides a basis for an ap-
proach to increase digestibility and reduce allergenicity [16–18]
through site-directed modiﬁcation of one amino acid residue.
Takai et al. [20] showed a positive eﬀect of elimination of intra-
molecular disulﬁde bonds on reducing allergenicity of house
dust mite allergen Der f 2. It would be, of course, necessary
to investigate and track remaining digested peptides that
may retain intact epitopes. In our immunoblotting experi-
ments, IgG epitopes of the c-zein mutants were mostly prote-
olyzed as digestion time increased.
Digestibility of the 27 kDa maize c-zein was successfully
changed showing that elimination of even one disulﬁde bond
has a large impact on improving digestibility. This method
could be applied to overcome nutritional limitations of certain
cereal proteins to provide increased availability for animal feed
or human food uses. Moreover, this approach can be used gen-
erally to study structure, digestibility, and allergenic relation-
ships of suspect proteins related to food safety.
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